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We have investigated the magnetic and charge transport properties of single crystals of Nowotney
Chimney Ladder compound Cr11 Ge19 and mapped out a comprehensive phase diagram reflecting the
complicated interplay between the Dzyaloshinskii-Moriya (DM) interaction, the dipolar interaction,
and the magnetic anisotropy. We have identified a set of interesting magnetic phases and attributed
a finite topological Hall effect to the recently discovered bi-skyrmion phase. These data also suggest
the existence of an anti-skyrmion state at finite fields for temperatures just below the magnetic
ordering temperature, Tc , as indicated by a distinct change in sign of the topological Hall effect.
Above Tc , we discovered a region of enhanced magnetic response corresponding to a disordered
phase likely existing near the ferromagnetic critical point under small magnetic fields. Strong spin
chirality fluctuations are demonstrated by the large value of the topological Hall resistivity persisting
up to 1 T which is most likely due to the existence of the DM interaction. We argue that changes
to the topological Hall effect correspond to different topological spin textures that are controlled by
magnetic dipolar and DM interactions that vary in importance with temperature.

I.

INTRODUCTION

Skyrmions and anti-skyrmions are nanoscale particlelike spin textures found in a variety of systems from chiral structured magnets to thin ferromagnetic films1–3 .
Each skyrmion or anti-skyrmion carries a positive or negative topological charge known as the scalar spin chirality. When a skyrmion meets an anti-skyrmion, they are
expected to annihilate and emit magnons4 , in analogy
to the annihilation of matter and antimatter generating
electromagnetic radiation. These topological magnetic
spin textures possess a net scalar spin chirality which
is implicitly determined by the crystal structure and
dominant magnetic interactions. For instance, skyrmion
phases in chiral magnets are caused by the isotropic
Dzyaloshinskii-Moriya (DM) interaction5,6 while antiskyrmions found in some Heusler alloys are due to an
anisotropic DM interaction with opposite signs along the
x and y axes7,8 that is favored by the D2d crystal symmetry. Moreover, in many centrosymmetric magnets in the
absence of the DM interaction, the interplay between the
dipolar interaction and the magnetic anisotropy leads to
the formation of bi-skyrmions, a bound pair of skyrmions
with opposite helicity9–12 . In principle, one could tune
the anisotropic DM interaction with respect to the dipolar energies and magnetic anisotropies to create a transition between skyrmion states and anti-skyrmion states.
Recently it was reported13,14 that a topological transformation from antiskyrmions to skyrmions occurs in
noncentrosymmetric Mn1.4 Pt0.9 Pd0.1 Sn, making the D2d
systems especially interesting.
Among the few topological magnetic materials known,
Cr11 Ge19 is unique as it is the first non-centrosymmetric
compound found to host a bi-skyrmion spin texture15 .
Its crystal structure contains 4-fold helices of Cr atoms

along the c-axis with separate helices of Ge nested
inside [Fig. 1(a) and (b)]. Cr11 Ge19 is one of the
two known member of the Nowotney Chimney Ladder compounds16,17 to display a magnetically ordered
ground state. Its crystal structure has the D2d symmetry thought to support an antisymmetric DM interaction
favoring anti-skyrmion formation, as is the case in the
tetragonal Heusler compound Mn1.4 Pt0.9 Pd0.1 Sn7 . In
contrast to the expectation of anti-skyrmions, only biskyrmions were reported in a recent Lorentz transmission electron microscopy (LTEM) experiment performed
on a thin lamella at 6 K and a field of 40 mT, suggesting
the dominance of dipolar interactions15 . Generally, the
magnetic dipolar interaction is long-ranged and can be
screened by spin fluctuations as the system approaches
the magnetic transition temperature while the DM interaction is thought to be temperature independent. This
provides an opportunity to tune the strength of the relevant interactions with temperature and sample geometry
in anticipation of a topological phase of anti-skyrmions
in Cr11 Ge19 when the DM interaction is dominant.
In this manuscript, we report an extensive investigations of the magnetic and charge transport properties of
high quality Cr11 Ge19 single crystals. We have mapped
out a comprehensive phase diagram and indicate a set of
interesting magnetic phases in Cr11 Ge19 that are dependent on temperature and field. These data suggest that
the recently discovered bi-skyrmion phase15 of this material is just one of several interesting magnetic phases. A
tendency for the redistribution of spin textures towards
the stripe ordered state is suggested at low temperatures
while a strongly fluctuating phase (or region) at small
magnetic fields and above the magnetic ordering temperature is indicated by the magnetic susceptibility. Based
upon measurements of the topological Hall effect (THE),
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we speculate that an anti-skyrmion phase exists at finite fields and temperatures approaching the magnetic
ordering temperature Tc that is highly favored by the
crystalline structure.

FIG. 1:
Crystal structure, morphology, and skyrmion
schematics. Crystal structure of Cr11 Ge19 (a) along the c-axis
and (b) in the ab plane. Orange (blue) spheres are Cr(Ge)
atoms. The arrows represent the direction of rotation of the
Ge helices. The surrounding Cr helices have the opposite
sense of rotation. (c) Picture of a Cr11 Ge19 crystal. The box
size on the graph paper is 1×1 mm2 . (d) In-plane spin configuration of an anti-skyrmion and a bi-skyrmion pair. The
red color represents spin up while purple color corresponds to
spin down.

II.

SAMPLE PREPARATION AND
EXPERIMENTAL METHODS

Single crystals of Cr11 Ge19 were grown by a chemical
vapor transport (CVT) method making use of the natural
temperature gradient of a tube furnace. About 2.5 g of Cr
and Ge powder was sealed in a quartz tube with a molar
ratio of 45:5518 . About 70-100 mg Iodine ( 2.2 mg/CC)
was used as transfer agent. The temperature was maintained at 880◦ C at the deposition zone and 750◦ C at the
source end. After one-month growth, single crystals of
Cr11 Ge19 of average size 1 mm × 1 mm × 0.5 mm were
obtained. In addition to crystals of Cr11 Ge19 , the deposition zone contained single crystals of other phases such
as CrGe and pure Ge. Crystals of Cr11 Ge8 were obtained
when the deposition zone was maintained at 1100◦C.
Cr11 Ge19 crystals grown via this method are typically
in the shape of a flat-top pyramid as shown in Fig. 1(c).
We measured the chemical composition of these crystals
via EDX spectra with the composition determined to be

Cr38.3±2.2 Ge61.7±2.7 , well within the range expected for a
Novotney Chimney ladder compound and in accordance
with the previous reports18,19 . The crystal structure and
orientation are determined through single crystal x-ray
diffraction. The single crystal refinements for Cr11 Ge19
are summarized in Table.1.
Temperature and field-dependent DC magnetization
and AC susceptibility measurements were performed on a
Quantum Design (QD) Magnetic Property Measurement
System (MPMS). No corrections for demagnetizing fields
have been performed. The resisitivity and Hall measurements were carried out in a QD Physical Property measurement system (PPMS). Thin platinum wires were attached to polished surfaces of single crystals via conductive epoxy (Epotek H20E) for charge transport measurements. Resistivity and Hall effect measurements were
performed using standard four-terminal low frequency
AC techniques using a current of 20 mA at 17 Hz. Field
reversal in the Hall measurements was used to compensate for any misalignment of the leads through subtraction of the symmetric part of the field response. The
dimension of this crystal was about 1 × 0.83 × 0.093 mm3
and the applied current densities was 0.21 ×107 (A/m2 ).
TABLE I: Single crystal refinements for Cr11 Ge19 at 296(2)
K.
Refined Formula
F.W.(g/mol)
Space group; Z
a(Å)
b(Å)
c(Å)
V(Å3 )
Extinction Coefficient
θ range (deg)
No. reflections; Rint
No. independent reflections
No. parameters
R1 : ω R2 (1>2δ(1))
Goodness of fit
Diffraction peak and hole (e− /Å3 )
Absolute structure parameter

III.

Cr11 Ge19
1951.21
P -4n2;4
5.801 (3)
5.801 (3)
52.38 (3)
1762.7 (18)
0.00080 (7)
0.777-33.046
12029; 0.0377
3218
142
0.0531; 0.1389
1.286
2.073; -3.111
0.5 (1)

EXPERIMENTAL RESULTS AND DATA
ANALYSIS
A.

Magnetization and susceptibility

We first present the magnetic field, H, dependence of
the magnetization, M , with H parallel and perpendicular to the c-axis at 50 K in Fig. 2 (a). The different
saturation fields of M for H//c and H//ab indicate an
easy-axis magnetic anisotropy along the c-axis. The sat-
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FIG. 2: Magnetization. (a) Field-dependence, H, of the
magnetization, M . Solid (dashed) line represents the case
where the applied field is along (perpendicular to) the c-axis.
(b) Magnetization loops measured at a series of temperatures
after fielding cooling at 5 T.

FIG. 3: (a) DC magnetization, M/H and its inverse, 1/χ at
0.01 and 1 T. (b) M/H at H = 0.01 T on the log scale. The
black curve is a fit of the Curie-Weiss form to the data.

urated magnetic moment is small ∼ 0.6 µB at 50 K and 5
T, consistent with previous reports15,18–20 . In Fig. 2(b),
we display a series of magnetization loops with H//c at a
variety of temperatures after the same field-cooling (FC)
process at 5 T. We do not observe any remnant magnetic
moment at zero field or a ferromagnetic hysteresis outside
of a small anti-hysteresis loop induced by trapped flux in
the superconducting magnet21,22 which is too small to
be seen in Fig. 2(b). The absence of a remnant magnetic moment, along with the easy axis anisotropy, implies that the macroscopic magnetization is completely
compensated among regions with different spin orientations which can be either a ferromagnetic ordering with
very soft domain-like structure or a periodically modulated ordered state such as a long-period spin density
wave or stripe domain order with chiral Bloch domain
walls.
Fig. 3(a) displays the DC magnetic susceptibility,
M/H, along with the inverse susceptibility 1/χ = H/M
for H = 0.01 T and 1 T along the c-axis. The magnetic transition temperature Tc is 83 K. We notice that

there is a small anomaly where the data deviate significantly from a simple Curie-Weiss (CW) form for T <
110 K as demonstrated in Fig. 3(b) where M/H is presented on a logarithmic scale. A fit of a Curie-Weiss
formula is illustrated by the solid black curve. The effective magnetic moment determined from the best fit CW
form is about 2.7 ± 0.3 µB . A comparison of this effective moment to the saturated magnetic moment found
in the data of Fig. 2 reveals a Rhodes-Wholfarth ratio,
µef f /µsat ∼ 4.5 revealing a weakly itinerant character.
The Weiss temperature, ΘW , is 100 ± 2 K, higher than
Tc , but substantially below the temperature where the
anomaly in M/H is observed. In general, the CurieWeiss law describes the magnetic instability of a thermally disordered spin system at a mean-field level which
is expected not to be accurate in proximity to Tc due to
the existence of critical fluctuations. For FM materials
with critical fluctuations, M/H can diverge at temperatures exceeding ΘW . However, there are also exceptions such as Sr(Co1−x Nix )2 As2 23 where a helical magnetic order is established at a temperature below ΘW
in the presence of magnetic frustration. We argue that

4
the anomaly at 110 K is unlikely to be due to a second
phase as there are no Cr-Ge compounds with a magnetic
transition temperature in this range. However, local defects can be induced by the relative sliding between the
highly incommensurate Cr- and Ge helices. It is possible that these defects promote a tendency for local enhancement of the magnetization as is observed in magnetic Griffiths phases discovered in disordered magnetic
systems24,25 . The range of ordering temperatures (70 K
- 90 K) reported for this compound is likely a result of
small differences in stoichiometry between samples grown
under different conditions18–20 with the level of disorder
strongly tied to these differences in stoichiometry.

magnetic (PM) phase. In Fig. 4(b), a small decrease of
χ′ is indicated by arrows below 30 K at 0 T and 20 mT.
We associate these features with a change in, or stabilization of, the magnetic domains. On the other hand, χ′′ in
Fig. 4(d) displays a strong peak near Tc for H < 40 mT.
An unusual enhancement of χ′′ with cooling below 30K
at low H was also observed, consistent with a change
in the structure and dynamics of magnetic domains in
this temperature range. Both of these features disappear
above 0.1 T, suggesting they are associated with phases
located in the low-field region.

FIG. 4: Temperature and field dependence of the AC susceptibility. (a-c) Real part of the AC susceptibility, χ′ , in
Cr11 Ge19 at magnetic fields, H identified at the top of the
figure. (b) and (c) are the magnification of the two regions
enclosed by purple and brown rectangles in panel (a). (d) The
corresponding imaginary part of the AC susceptibility, χ′′ , of
Cr11 Ge19 . The vertical dashed lines represent Tc at H = 0.

To further characterize the magnetic properties of
Cr11 Ge19 , we explored the temperature dependence of
the real, χ′ , and imaginary, χ′′ , parts of the AC susceptibility under a series of magnetic fields parallel to the caxis as shown in Fig. 4(a) and (d). In Fig. 4(a), χ′ taken
at zero field diverges as the temperature approaches Tc
from above, and exhibits a nearly constant value below
Tc suggesting a strongly polarizable state. The principle
maximum in χ′ is suppressed and shifts to lower temperatures as the field increases while a small peak remains
near the zero-field Tc . This is similar to what was observed in ferromagnetic (FM) AuFe26 in which the principal maximum is associated with the motion of domain
walls while the small peak around Tc is promoted by the
applied field as shown in Fig. 4(c). While the magnitude
of this peak is suppressed by the applied magnetic field, it
is still observable up to 1 T, separating the nearly polarized FM (NPFM) state and the high-temperature para-

FIG. 5: Field dependence of the AC susceptibility. (a) Field
dependence of χ′ with the field along the c-axis at temperatures, T , identified at the top of the figure. (b) The corresponding derivative −dχ′ /dH. The maximum defines the
critical fields which is labeled as Hc1 in panel (a). Note that a
second peak appears around 0.05 T when the main peak shifts
toward zero field as the temperatures increase. The second
peak in −dχ′ /dH leads to the broad feature of χ′ (H) above Tc
in panel (a). (c) The imaginary susceptibility χ′′ as a function
of the magnetic field at the corresponding temperatures.

In Fig. 5(a) and (c), the field dependence of χ′ and
χ′′ are presented at a series of temperatures. The magnitude of χ′ at zero field is relatively unchanged below
Tc = 83K, in accordance with the temperature dependent χ′ in Fig. 4(a). As the field increases, χ′ is gradually
suppressed to zero in the NPFM state at H > 0.1T and
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T < Tc . We define the critical field Hc1 by the peaks
in -dχ′ /dH as shown in Fig. 5(b). From Fig. 5(b), it
is clear that Hc1 is reduced to zero as the temperature
approaches Tc . By contrast, an extra contribution to
χ′ (H) appears for H < 0.05T at temperatures close to
Tc . Again, we define Hc2 as the characteristic field from
-dχ′ /dH in Fig. 5(b). This additional contribution in χ′
at small fields (H < Hc2 ) is responsible for the anomaly
observed in the DC susceptibility at 0.01T and above Tc
[Fig. 3(b)].

FIG. 6: AC and DC susceptibility. (a,b) Color plot of the real,
χ′ and imaginary, χ′′ AC susceptibility as functions of magnetic field, H, and temperature, T , from the data in Fig. 5.
(c,d) The DC susceptibility, dM/dH, of Cr11 Ge19 shown in
small and large field scales as a comparison.

In order to present a complete overview of the magnetic
susceptibility of Cr11 Ge19 as a function of temperature
and magnetic field along the c-axis, we display a H − T
color contour plot of χ′ and χ′′ in Fig. 6(a) and (b). χ′
is shown on a log scale in Fig. 6(a) to highlight features
with small magnitude. In Fig. 6(a), a red colored ridge
with high intensity is located between the NPFM phase
and the high-T paramagnetic state and can be tracked
back to Tc at zero field. This ridge corresponds to small
peaks around Tc in χ′ (T ) in Fig. 4(c). Moreover, the
large values (red area) at small fields appears to continue
through the ridge at Tc so that there is substantial intensity above Tc . Furthermore, it was found that the
imaginary part of the AC susceptibility, χ′′ , behaves differently above and below 30 K in the low-field region. In
Fig. 6(c) and (d), the DC susceptibility, dM/dH share
the same essential features as χ′ . The red-colored ridge
at low fields becomes diffuse as the field increases and
but is still distinguishable up to 1 T [Fig. 6(d)].
In addition to the data presented above for fields oriented parallel to the c-axis, we have also explored the
magnetic response for fields along the ab-plane. In Fig. 7,
we display the temperature dependence of χ′ab and χ′′ab
of Cr11 Ge19 at a series of magnetic fields. χ′ (T ) at zero

FIG. 7: AC susceptibility with field in the ab-plane. (a) The
temperature dependence of the real part of the AC susceptibility, χ′ , under magnetic fields parallel the a-axis. (b) The
corresponding imaginary part of the AC susceptibility, χ′′ , as
a function of temperature.

field displays a continuous decrease as the temperature
reduced from Tc , unlike the plateau seen at zero field
in Fig. 4(a). The differences seen here and in Fig. 4(a)
for H = 0 are indicative of the intrinsic anisotropy of
Cr11 Ge19 as the only difference between these two measurements is the direction of the small AC magnetic
fields. Moreover, the evolution of the principal maximum and a secondary peak around Tc is similar to that
observed in χ′ with H parallel to c. The imaginary part,
χ′′ab , however, is featureless within the uncertainty of our
measurements. In the previous report on polycrystals, a
broad peak and a shoulder were observed under magnetic
fields and was interpreted as a manifestation of both the
itinerant and local moments19 . With the consideration
of both field parallel and perpendicular to the c-axis, our
measurements on single crystal are consistent with the
previous observation but suggest different origins.
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B.

Charge transport measurements

same field orientation along the c-axis.

In this section, we will present the results of transport measurements performed on the same single crystal of Cr11 Ge19 with a focus on the topological Hall effect. The resistivity of Cr11 Ge19 with current along the
ab plane is measured at zero field as a function of temperature as shown in Fig. 8(a). The resistivity is reduced as the temperature decreases, indicating a metallic behavior. The residual-resistivity ratio (RRR) taken
as the ration of the resistivity at 300 K to that at 10
K, ρxx (300K)/ρxx(10K), is about 19 with the resistivity continuing to decline significantly even for temperatures below 10 K. The derivative, dρxx /dT , is also plotted as the blue curve in Fig. 8(a). A dramatic increase of
dρxx /dT below the magnetic transition temperature Tc
indicates a reduction in the magnetic fluctuations with
ordering causing a decrease in the resistivity with cooling. A slight downturn in dρxx /dT was observed below
20 K, indicating a loss of a mechanism for carrier scattering at low temperatures. In Fig. 8(b), we present the
electric conductivity, σ, as 1/ρxx. The value of σ is less
than 104 (Ω · cm)−1 above 50 K and quickly increases
below this temperature.
FIG. 9: Magnetoresistance, ∆ρxx (H)/ρxx (0) on a large and
a small scale to highlight the low field, H, regime for temperatures below Tc (a,b) and above Tc (c,d), respectively. The
field is applied along the c-axis and the current is in the ab
plane. ρxx is defined as the resistivity.

FIG. 8: Resistivity and Conductivity. (a) The resistivity, ρxx ,
measured with the current in the ab plane. The blue curve is
the derivative dρxx /dT . (b) The corresponding electric conductivity, σ = 1/ρxx as a function of the temperature.

Because the THE is a leading indicator for the existence of nontrivial spin textures, we measured the topological Hall resistivity, ρT , of Cr11 Ge19 through a series
of measurements of M (H), Hall resistivity ρxy and magnetoresistance (MR) on the same single crystal with the

In Fig. 9, we present the transverse magnetoresistance,
xx (0)
, with I ⊥ c and H//c
∆ρxx (H)/ρxx (0) = ρxx (H)−ρ
ρxx (0)
for T < Tc [Fig. 9(a) and (b)] and T > Tc [Fig. 9(c) and
(d)]. A negative MR27 which is characteristic of ferromagnetic materials is observed, reflecting the suppression
of electron-spin scattering by the applied magnetic field.
We expand the low field region of the magnetoresistance
in Fig. 9(b) for T < Tc . It is clearly seen that the resistivity is nearly constant below Hc1 and then quickly drops
as the system enters into the NPFM phase. Although
there is no magnetic order for T > Tc , a convex MR
is still observed with a characteristic field illustrated by
the dashed lines in Fig. 9(d). This characteristic field increases as the temperature increases. At higher magnetic
field, a concave behavior of the MR is restored [Fig. 9(c)].
The temperature dependence of the MR is shown in
Fig. 10 in which we plot ∆ρxx (H)/ρxx (0) as a function
of temperature at H = 0.5 T, 2 T and 5 T. The local
minimum of the MR around Tc indicates a significant
contribution of spin fluctuations. We find a significant
and unexpected enhancement of the negative MR below
50 K. This effect is particularly significant at high fields
as demonstrated by the MR at 5 T in Fig. 10. Furthermore, a slight upturn of MR below 15 K is also observed,
indicating either a subsidence of the mechanism causing
the negative MR or an additional positive contribution
at low T . These results are consistent with a previous
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FIG. 10: Temperature dependence of the magnetoresistance,
ρxx (H, T )/ρxx (0, T ) at magnetic fields H = 0.5 T, 2 T and 5
T. The vertical dashed line represent Tc at zero field.

observation20 .

ρ

ρ2 M

xy
FIG. 12: (a) H
vs xx
curves for various temperatures.
H
Solid lines are the fits of a linear form to the data at H > 1T .
(b) The normal, R0 , and anomalous, SA , Hall coefficients
obtained from the fits demonstrated in (a). The error bars
represent errors of the fit.

than 106 Ω−1 cm−1 , as suggested in Fig. 8(b). In order
ρxy
vs
to estimate the coefficients R0 and SA , we plot H
ρ2xx M
H

in Fig. 12(a). In the high field range (H > 1 T)
where any contribution from a topological contribution
to the Hall effect will likely be very small, the Hall reρxy
=
sistivity is expected to obey the standard form of H
ρ2 M

FIG. 11: Magnetization, M , and Hall resistivity, ρxy , as
a function of magnetic field, H, at a series of temperatures
denoted on the right.

In Fig. 11, we display M and ρxy of the same single
crystal as a function of the field along the c-axis for a
series of temperatures. The Hall effect of magnetic materials is commonly written as
ρxy = R0 B + SA ρ2xx M + ρT .

(1)

in which10,11 , ρxx is the longitudinal resistivity, R0 and
SA are the normal and anomalous Hall coefficients, and
B represents the magnetic flux density. In this analysis
we have ignored contributions from skew scattering to the
anomalous Hall resistivity, which is linear in ρxx , since
it is expected to be insignificant28 when σxx is smaller

R0 + SA xx
allowing an accurate determination of R0
H
and SA . This form is represented in the figure as solid
lines. It is clear from the figure that the data are largely
described by this form. However, substantial deviation is
apparent at lower fields, between 0.2 and 1 T, such that
a substantial mismatch was observed between the linear
form and the data. The values of R0 and SA that result
from the fitting procedure are shown in Fig. 12(b).
With R0 and SA determined in this manner, we have
calculated the Hall signal expected over the entire range
of fields measured using Eq. (1) without the topological
Hall term as presented for two temperatures in Fig. 13.
The difference is ascribed to the topological Hall term,
ρT . To establish the repeatability of our determination
of the topological Hall term, we performed the same sequence of measurements on a second crystal of Cr11 Ge19
having a somewhat different Tc = 74 K. The results are
largely similar, including reproducing the values of R0
and SA , except that the positive ρT at low fields and low
temperature (H < Tc1 , T < Tc ) as denoted by the red
arrow in Fig. 13(b) is absent in sample 2. We argue that
the different thickness (0.18 mm) and current densities
(0.06 ×107 (A/m2 )) may be responsible for the difference
of ρT at temperatures below Tc at low fields.
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FIG. 14:
Topological Hall resistivity. (a) The estimated
topological Hall resistivity, ρT at different temperatures. (b)
Magnification of the low fields region in the panel (a).

FIG. 13:
ρ

Hall resistivity, ρxy (blue), and the best fit result
ρ2
xx M

xy
of H
= R0 + SA H to these data at high fields. The
difference, plotted as red circles, is interpreted as the THE,
ρT . Insets: Magnification of the regions indicated by the blue
shading.

In Fig. 14, we plot the resultant ρT for sample 1 as
a function of field in large (0 < H < 5 T) [Fig. 14(a)]
and small (0 < H < 0.4 T) [Fig. 14(b)] field scales. We
find that in spite of a complicated field- and temperaturedependence, the ρT display a clear response to the critical field Hc1 in Fig. 14(b), implying a change of the
underlying spin texture. To illustrate the evolution of
ρT with the field and temperature, we present a H − T
color contour plot of ρT in Fig. 15(a). The red (blue)
color corresponds to values of ρT that are positive (negative). Fig. 15(b) displays the same data on a magnified
field scale to highlight the low field region. The white
lines are the phase boundaries separating the polarizable
low-field, NPFM and high-T PM phases. Apparently, ρT
changes sign near the boundaries of the magnetic phases,
as well as displaying a positive value below 30 K where
the negative contribution to the MR grows, and the values of R0 and SA display significant and unexpected temperature dependence. This can be further confirmed in
the T dependence of ρT as shown in Fig. 15(c) in which
ρT (T ) is presented for several fields and where ρT is observed to cross the x-axis twice in the temperature range
30 K< T < 100 K for H = 0.05, 0.2, 0.4 and 1 T. Furthermore, the maximum of ρT (T ) found just above Tc
moves towards high temperatures as the field increases,
following the evolution of Tc determined by the peak of
the AC susceptibility, as indicated by the arrows.
In Fig. 16, we plot a schematic phase diagram as a

summary of our magnetic and charge transport measurements. Region I, II and III are the three main phases
referring to the polarizable low-field phase, the NPFM
phase, and the high-T PM states. Region II is further
split into II-R and II-L. In the later, the Hall constants
R0 , SA and the MR display significant changes, suggesting that there may be changes to the underlying electronic structure. In region I below 30 K, the AC magnetic susceptibility is slightly reduced while a large enhancement of χ′′ is observed. It remains an open question
whether these observations signal a new phase. However,
we denote this as region V to leave open this possibility
and to speculate that a magnetic texture may be forming in this region. In addition, we identify an additional
phase as region IV just above Tc and below Hc2 where
χ′ is significant.

IV.

DISCUSSION AND CONCLUSION

To place the phase diagram of Fig. 16 in context, it
is helpful to recall previous studies on two-dimensional
dipolar ferromagnets29 . In FM films with an easy-axis
anisotropy, it is known that the magnetic dipolar interaction drives the ground state into stripe ordered domains. When a magnetic field is applied, these magnetic
stripes break into an intermediate phase of magnetic bubbles, which ultimately dissolve into the field-polarized
FM state under larger applied fields30,31 . In Cr11 Ge19 ,
the existence of easy-axis spin anisotropy is demonstrated
in Fig. 2(a). While the stripe domains have not been observed, broken stripes or elongated bubbles are indeed
found in LTEM images of thin lamellae at 6 K and zero
field15 . It is plausible that the ground state of Cr11 Ge19
is a stripe order with a zero remnant magnetization as
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FIG. 16: Schematics of the magnetic phase diagram determined from our magnetic and charge transport measurements.
Inset: the magnification of the area near the critical point.
The symbols represent the different measurement techniques
listed at the top.

FIG. 15: Temperature and Field dependence of the topological Hall resistivity. (a) Magnetic field, H, and temperature,
T , dependence of the topological Hall resistivity, ρT . (b) ρT
shown on a smaller field scale to emphasize the features at low
fields. The white curves are the boundaries separating the
polarizable low-field, NPFM state and high-Tc PM phases.
(c) T dependence of ρT at a few selected fields. The arrows
represent the locations where χ′ displays a maximum at the
corresponding fields.

mentioned above. The idea that the magnetic order becomes more stripe-like at low temperatures corresponds
well with the decreased χ′ at low field with a corresponding increase in χ′′ below 30 K. With these considerations,
we speculate that region V in Fig. 16 is related to the
stripe-ordered domain phase.
Conversely, a disordered magnetic bubble state may
be realized in region I. As a special kind of magnetic
bubbles, bi-skyrmions [Fig. 1(d)] are formed from a pair
of skyrmions with opposite helicities via attractive interactions. Each skyrmion carries an topological
R 2 charge
1
(scalar spin chirality) defined as Q = 4π
d r(∂x m ×
∂y m) · m, where m is a unit vector pointing in the direction of the magnetization. As a spin-polarized electron
passes through the spin texture of a skyrmion, it experiences an emergent fictitious magnetic field causing a
finite THE. The direction of the fictitious magnetic field
is directly related to the sign of Q which distinguishes
skyrmions (positive) and antiskyrmions (negative). The
THE from bi-skyrmions has been observed as a function of field and temperature in centrosymmetric Mn-

NiGa and MnPdGa systems10,11 , and is also anticipated
in Cr11 Ge19 . The positive THE that we observe in region
I suggests that bi-skyrmions may be present. However,
the temperature range of region I does not agree with the
observation in the LTEM images in which bi-skyrmions
were seen at 6 K. We speculate that this may be due
to the small thickness of the LTEM sample which allows dipolar fields to stabilize these skyrmion features32 ,
whereas in our bulk crystalline samples, the effect of
these fields is expected to be smaller. Furthermore, since
the THE resistivity relies on the fictitious effective field,
Bef f , the local spin polarization of the charge carriers, P ,
and the normal Hall coefficient, R0 , we compared these
values for both MnNiGa system and Cr11 Ge19 , finding
comparable values of ρT . We conclude that there is a
distinct possibility of a bi-skyrmion phase in Cr11 Ge19
for sample 1 in the region characterized by a positive ρT .
In addition, the decreased THE in region V suggests that
for bulk samples the magnetic bubble phase transitions
to a fully formed magnetic stripe phase at low temperatures. Therefore, we attribute region I to the bi-skyrmion
state in Cr11 Ge19 .
Next, we turn our attention to region II-R at intermediate temperatures and magnetic fields. Across the
boundary between region I and II-R, we can clearly see a
sign change of ρT from positive in region I to negative in
region II-R at temperatures 60 K< T < 80 K. The sign
reversal is sharp and deep for temperatures within 5 K of
Tc . Sign reversal in ρT near Tc was previously reported in
MnGe33 , and recently explained as the competition between the THE from the skyrmion lattice and skew scattering from chiral fluctuations34 . A similar phenomenon
observed here suggests that this mechanism may also
apply as we have speculated that bi-skyrmions may be
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present and where LTEM images indicate bi-skyrmions
in thin samples. We note that at 80 K, there are distinct
contributions to the negative THE at low and high fields
suggesting different origins.
In noncentrosymmetric magnetic materials with spinorbital coupling, the Dzyaloshinskii-Moriya (DM) interaction in the absence of inversion symmetry is responsible for many interesting magnetic configurations and slow
dynamics. In Cr11 Ge19 , while the spin dipolar interaction
plays a significant role in the formation of bi-skyrmions
at low temperatures, it is expected to be weak or even
absent in the vicinity of Tc due to the fast spin fluctuations. Near Tc , it is anticipated that the anisotropic
DM interaction supported by the D2d crystal symmetry may impose a strong effect on the spin dynamics
and transport properties. In Fig. 15(a)-(c),we observed a
large positive ρT around Tc which persists deep into the
paramagnetic phase in region III. This strongly suggests
that the positive large ρT is induced by thermal fluctutaions. Recently, it was proposed that nonzero spin
chirality arises as a consequence of the melting of ferromagnetic order by thermal fluctuations in the presence
of DM interaction. This mechanism was observed in two
different ferromagnetic ultra-thin films of SrRuO3 and
V-doped Sb2 Te3 where the temperature dependence of
ρT shows a maximum at Tc 35 . Our data in Fig. 15(c)
agrees with this proposition and the peak of ρT follows
the boundary between the NPFM and PM phases which
is derived from the AC susceptibility and marked by the
arrows. We note that the evolution betweeen the field polarized and PM phases is a crossover instead of transition
under finite magnetic fields.
The application of an external magnetic field explicitly
breaks time reversal symmetry of the zero field Hamiltonian. Thus, the transition between FM and PM phases
in a FM material under a magnetic field does not involve symmetry breaking. Instead, the order parameter
is smeared as a crossover, much like a gas-liquid phase
crossover at high pressure rather than a second order
phase transition. As the system goes from finite fields to
zero field at Tc , it enters into the critical region filled by
strong fluctuations. In spite of the absence of symmetry
breaking, the spin chirality fluctuations in the presence
of DM interaction introduce a finite topological charge
density and separate the NPFM and PM states. We notice that such spin chirality fluctuations persist up to 1 T
above which the NPFM and PM phases are continuously
connected.
Furthermore, unlike the isotropic DM interaction in
MnSi5,6 , the anisotropic DM interaction in Cr11 Ge19 favors the spin texture of anti-skyrmions which we speculate is the cause of the robustly negative ρT that we
discover in both samples measured. In Fig. 15(a) and
(b), the broad blue area with negative THE suggest that
it is not an ordinary FM phase and instead contains topologically nontrivial spin textures. Specifically, the opposite sign of THE in region I and II-R represents different
topological charges and implies that anti-skyrmions may

exist in region II-R for finite fields close to Tc where a
negative THE is observed.
The DM interaction relies on the electronic structure36
which may evolve with temperature below Tc as suggested by the Hall coefficients (both R0 and SA show
a temperature dependence) in Fig. 12(b). Interestingly,
we also notice that there is a broad maximum R0 around
Tc in Fig. 12(b) and this may suggest that the Fermi surfaces and low-energy electronic structure37 are coupled
with the critical fluctuations [Fig. 10], which may tune
the strength of DM interaction in Cr11 Ge19 . On the other
hand, the magnetic dipolar interaction is long-range in
nature, and can be screened by fast magnetic fluctuations at temperatures approaching Tc . These two factors lead to the dominance of the DM interaction around
Tc and a greater importance of dipolar interactions at
low temperatures. Therefore, Cr11 Ge19 provides an ideal
platform to investigate the competitions among the dipolar interaction, DM interaction and magnetic anisotropy
as well as the consequences on the underlying spin textures. Further investigation, such as small angle neutron
scattering measurements and a thorough exploration of
LTEM images are required to confirm the existence of
the purported anti-skyrmion phase in Cr11 Ge19 .
Alternatively, the negative THE in region II-R may
also be interpreted as changing character of the dominant charge carriers38 from electron-like to hole-like, as
suggested by the change in sign of R0 in Fig. 12(b). However, this can not explain the sign change between region
II and III. It is also unlikely that bi-skyrmions survive in
region II above Hc1 . Instead, we suggest that Cr11 Ge19
is a nearly compensated metal39,40 in which the change
of sign of R0 can be attributed to a change in the relative
scattering rates for electrons and holes.
Finally, the magnetic behavior near the FM critical
point in Cr11 Ge19 is very interesting. In Fig. 16, Region IV as magnified in the inset corresponds to a region
of enhanced magnetic susceptibility and has a boundary
determined by Hc2 and Tano . The enhanced magnetic
susceptibility in this region is likely not due to simple
enhanced critical fluctuations which are responsible for
the ridge-like enhancement evident in Fig. 6. Instead, region IV is more likely an natural extension of the highly
polarizable FM domains in region I. This suggests that
spin clusters which fluctuate substantially in space and
time persist well above the melting point, Tc , of the magnetic order. The slow dynamics of these spin clusters may
account for the temperature dependence of the magnetic
susceptibility above Tc at low fields, much like that observed in Griffith’s phase systems24,25 . Recently, the hierarchy of three interactions in MnSi was considered with
the weakest being the cubic anisotropy. Here, the hierarchy of interactions leads to an unusual critical regime
known as a Brazovskii transition, a fluctuation induced,
weakly first order, phase transition41,42 . Cr11 Ge19 clearly
does not fit this description because of the very different
crystal symmetry. Instead, region IV in the phase diagram of Fig. 16 may be the result of a more complex crit-
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ical regime that reflects the complex interactions present
in this system. These interactions include the increasing importance of the uniaxial anisotropy with cooling
and an antisymmetric DM interaction which prefers an
alternating chirality.
In summary, we have carried out a series of magnetic
and charge transport measurements on single crystals of
Cr11 Ge19 unveiling a rich phase diagram. A set of interesting phases is postulated from the results of measurements of the AC susceptibility and the THE adding to
the recently discovered bi-skyrmion phase in this material. A second topological non-trivial phase is postulated
at temperatures approaching Tc which we believe may be
an anti-skyrmion phase consistent with the crystalline
symmetry. In addition, the magnetic susceptibility at
low fields is significantly enhanced above Tc , implying a
cluster or disordered phase likely due to the anisotropy,
crystalline disorder, and the DM interaction, in contrast
with that found in MnSi from the weak cubic anisotropy.
Considering the likely difference in the temperature de-
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Georgii, P. Böni, and C. Pfleiderer, Phys. Rev. B 87,
134407 (2013).
J. D. Bocarsly, R. F. Need, Ram Seshadri, and S. D. Wilson, Phys. Rev. B 97, 100404(R) (2018).

